show that the oocyte-specific deletion of Mfn1, but not Mfn2, results in a 26 complete loss of oocyte growth and ovulation due to a block in folliculogenesis 27
INTRODUCTION 39
Mitochondria play a key role in oocyte development (Chiaratti et al., 2018) , 40 termed oogenesis. The biogenesis of these organelles is heavily increased 41 during oocyte growth (Jansen and De Boer, 1998) and likely accounts for the 42 energetic needs of the oocyte and the early embryo (Collado-Fernandez et 43 al., 2012) . Furthermore, redistribution of mitochondria through the oocyte 44 cytoplasm is fundamental to supply the energetic demands of key events such 45 as meiotic progression and chromosome segregation (Coticchio et al., 2014; 46 Udagawa et al., 2014; Wakai et al., 2014; Yu et al., 2010) . In support of this, 47 mitochondrial abnormalities in oocytes are tightly associated with disrupted 48 meiotic spindle, embryonic developmental arrest, and sterility in humans and 49 animals (Van Blerkom et al., 1995; Fragouli and Wells, 2015; Johnson et al., 50 2007; Reynier et al., 2001; Santos et al., 2006; Wai et al., 2010) . 51
Interestingly, in oocytes mitochondria are more numerous, smaller, and 52 rounder in appearance than in somatic cells (Chiaratti et al., 2018; Motta et 53 al., 2000; Wassarman and Josefowicz, 1978) . These morphological 54 characteristics are determined by mitochondrial dynamics, the opposing 55 processes of fusion and fission that regulate organelle activity, transport and 56 degradation (Mishra and Chan, 2014; Schrepfer and Scorrano, 2016) ; cells 57 lacking mitochondrial fusion have a severe defect in respiratory capacity and 58 mitochondrial DNA (mtDNA) instability (Chen et al., 2003 (Chen et al., , 2005 (Chen et al., , 2010 . 59
Mitochondrial fusion is orchestrated by two dynamin-related GTPases -60
Mitofusins 1 (MFN1) and 2 (MFN2) on the mitochondrial outer membrane 61 (Mishra and Chan, 2014; Schrepfer and Scorrano, 2016) . 62 9 Schneeberger et al., 2013; Schrepfer and Scorrano, 2016; Sebastian et al., 188 2012) , which in turn is linked with oocyte development (Van Blerkom et al., 189 1995; Fragouli and Wells, 2015; Johnson et al., 2007; Reynier et al., 2001; 190 Santos et al., 2006) . Given the differences observed, we hypothesized there 191 might be differences specific to the loss of Mfn1 that were mitigated by the 192 double loss of Mfn1 and Mfn2. Indeed, ultrastructure analysis of Mfn1-cKO 193 oocytes revealed pronounced defects in mitochondria including: a) a greater 194 number of less electron dense organelles; b) a decreased number of cristae; 195 and, c) an increased vesiculation of the inner membrane . These mitochondrial abnormalities were present, albeit, to a lower 197 extent in Mfn1&2-cKO than in Mfn1-cKO oocytes 198 suggesting that defective mitochondrial architecture is linked with the block of 199
Mfn1 cKO on follicle development. 200
Deficient fusion has been shown to lead to alterations in nucleoid 201 heterogeneity and mtDNA instability and depletion (Chen et al., 2003 (Chen et al., , 2005 (Chen et al., , 202 2007 (Chen et al., , 2010 . In turn, mtDNA copy number has been linked with oocyte quality 203 in mice and humans (Fragouli and Wells, 2015; Reynier et al., 2001; Santos 204 et al., 2006; Wai et al., 2010) . We therefore next assessed levels of mtDNA, 205 the regulation of which is intimately tied with mitochondrial function. To 206 investigate whether the folliculogenesis block in Mfn1-cKO oocytes was 207 associated with changes in mtDNA stability, we measured mtDNA copy 208 number in immature GV oocytes. Mfn1-cKO oocytes had a ~5-fold reduction 209 in mtDNA copy number relative to the WT control ( Figure 3D ). In addition, a 210 comparison of Mfn1-cKO oocytes from preantral and antral follicles revealed 211 that the content of mtDNA dropped with follicular development (Figures 3E 212 and S3B) . The loss of mtDNA was mitigated in Mfn1&2-cKO oocytes which 213 had only a mild depletion (~2-fold reduction) relative to the WT control ( Figure  214   3D Figure 3J) . 228
Overall, the mitochondrial defects were milder in Mfn1-cKO oocytes, 229
indicating that the rescue effect of combined loss of Mfn1 and Mfn2 extended 230 to mitochondrial health. These results link abnormal mitochondrial 231 architecture, mtDNA depletion, increased levels of FAD, and lower levels of 232 ATP with impaired folliculogenesis in Mfn1-cKO oocytes. 233
234
The loss of Mfn1 dysregulates oocyte-somatic cell communication 235
The evident loss of cumulus cells only in oocytes with Mfn1 single deletion 236 ( Figure 1I ) hinted at a role for balanced expression of MFN1 and MFN2 in 237 proliferation of follicular somatic cells. This hypothesis is in agreement with a 238 milder effect of Mfn1&2 cKO on antral follicle development and ATP storage in 239 oocytes ( Figures 2D and 3J) . Moreover, Mfn1-cKO ovaries presented a more 240 altered pattern of expression ( Figures 4A and 4B ) of genes implicated in 241 granulosa cell proliferation and follicle development (Knight and Glister, 242 2006) . The interaction of the oocyte with its companion somatic cells is 243 mediated by oocyte-derived factors that stimulate proliferation and 244 differentiation of these cells (Clarke, 2017) . This communication is critical for 245 oocyte development as, among other roles, companion somatic cells 246 physically and metabolically interact with the oocyte to supply it with energetic 247 molecules including ATP (Su et al., 2009; Sugiura et al., 2007) . To provide 248 additional evidence that the single Mfn1 deletion impaired cellular 249 proliferation, mice were injected for 2 h with BrdU and assessed as for the 250 percentage of BrdU-positive follicular cells. Accordingly, BrdU incorporation 251 was more sharply impaired by loss of Mfn1 than the dual loss of Mfn1 and 252 (Figures 4C and S4A) . 253
Mfn2
Next, we investigated whether impaired oocyte-somatic cell communication 254
could explain the deficient proliferation of follicular cells in Mfn1-cKO ovaries. 255 GDF9 is the most well-known oocyte-derived factor responsible for mediating 256 interaction with follicular somatic cells (Clarke, 2017; Su et al., 2009 ). For 257 instance, GDF9-deficient mice are infertile due to a block in folliculogenesis 258 secondary to failed growth and differentiation of follicular somatic cells (Dong 259 et al., 1996; Elvin et al., 1999) . In accordance with our hypothesis, GDF9 was 260 found to be downregulated in both Mfn1-cKO and Mfn1&2-cKO oocytes 261 ( Figures 4D and S4B) . Additionally, Mfn1-cKO, but not Mfn1&2-cKO, oocytes with the metabolic regulation of surrounding somatic cells (Su et al., 2009; 265 Sugiura et al., 2007) . Therefore, these findings indicate that Mfn1 cKO 266 disrupts communication of the oocyte with follicular somatic cells. 267
To further confirm that impaired oocyte-somatic cell interaction prevented the 268 growth of Mfn1-cKO oocytes, we took advantage of an in vitro system of 269 Granulosa-Oocyte Complex (GOC) culture. In this system, GOCs are derived 270 from preantral secondary follicles and kept in culture for 7 days to develop to 271 a stage comparable with oocytes from antral follicles (O'Brien et al., 2003) . 272
First, we used this system to validate our in vivo findings ( Figure 1J ) that 273
Mfn1-cKO oocytes are reduced in growth. Whereas WT oocytes grew from 274 55.2 to 66.9 µm, Mfn1-cKO oocytes grew only from 55.3 to 57.8 µm (Figure  275 4F). To determine if exogenous addition of GDF9 rescued the growth of Mfn1-276 cKO oocytes that lack GDF9 expression, we cultured GOCs in the presence 277 of recombinant GDF9 (rGDF9). Supplementation with rGDF9 was sufficient to 278 partially rescue growth in Mfn1-cKO oocytes ( Figure 4G ). 279
Finally, Mfn1-cKO GOC were co-cultured with either WT or Mfn1-cKO oocytes 280 to confirm the inability of Mfn1-null oocytes to modulate granulosa cell gene 281 expression (Sugiura et al., 2007; Udagawa et al., 2014 Herein we investigate the role of pro-fusion proteins MFN1 and MFN2 in the 299 female germline during a phase of massive oocyte growth, when essential 300 molecules and organelles are amassed to support further oocyte and embryo 301 development (Clarke, 2017; Collado-Fernandez et al., 2012) . In agreement 302 with the hypothesis of upregulated fission in oocytes (Chiaratti et al., 2018; 303 Udagawa et al., 2014; Wakai et al., 2014) , ablation of pro-fusion genes do not 304 enhance mitochondrial fragmentation. Yet, oocytes do express both 305 mitofusins and ablation of Mfn1 heavily impairs mitochondrial architecture, 306 function and transport. These present findings corroborate previous reports 307 (Chen et al., 2005; Tang, 2015; Udagawa et al., 2014; Wakai et al., 2014; 308 Zhang et al., 2016) and unmask a key role of MFN1 in oocytes in comparison 309 with MFN2. Previous reports have shown that mitofusins operate redundantly 310 and non-redundantly in several tissues including placenta, neurons, 311 hepatocyte, cardiomyocytes and skeletal muscle (Chen et al., 2007 (Chen et al., , 2010 312 Sebastian et al., 2012) . In comparison, our present findings highlight the 314 importance of distinct, non-redundant roles of MFN1 and MFN2 in the growing 315
oocyte. 316
Rather than a direct consequence of mitochondrial loss of function, the impact 317 of MFN1 deficiency in the oocyte is explained by disruption of oocyte-somatic 318 cell communication. This conclusion is supported by previous reports showing 319 cumulus cells provide the oocyte with energetic molecules (Su et al., 2009; 320 Sugiura et al., 2007) , enabling oocyte development even when mitochondria 321 is dysfunctional (Collado-Fernandez et al., 2012; Johnson et al., 2007) . In panels A, B and C, median (line inside the box), upper and lower quartiles (delimited by the box) and 1.5 times the interquartile range (whiskers). In panels H and J, mean ± SEM.
n.a. = not analyzed; r.u. = relative units to the WT control.
*P < 0.05. **P < 0.01. ***P < 0.0001.
See also Figure S1 . r.u. = relative units to the WT control.
See also Figure S2 . In panels C, median (line inside the box), upper and lower quartiles (delimited by the box) and 1.5 times the interquartile range (whiskers). In panels D, E, F, I
and J, mean ± SEM. *P < 0.05. **P < 0.01. ***P < 0.0001.
See also Figure S3 . were conducted using mice that aged 3-5 weeks.
Mice had fertility evaluated by mating 7-week-old females for up to one year with WT males. Only females with copulation plugs were considered during the fertility test.
Mouse genotyping
Ear biopsies were digested for 3 h at 55 o C using a solution containing 50 mM KCl, 10 mM Tris-Cl 2 mM MgCl2, 0.1 mg/ml gelatin, 0.45% Igepal CA-630, 0.45% Tween 20 and 100 µg/ml proteinase K (ThermoFisher Scientific). After digestion, samples were incubated at 95 o C for 10 min, centrifuged at 10,000 x g for 5 min and the supernatant used for genotyping (Machado et al., 2015) . 
Collection and in vitro culture of cells
Cumulus-Oocyte Complexes (COCs) and denuded oocytes were obtained as previously described (Nagy et al., 2003) . Briefly, to obtain ovulated oocytes, In vitro growth of oocytes was performed based on a previous report (O 'Brien et al., 2003) . Briefly, ~15 GOCs were cultured onto type I and III collagen 3.0-µm inserts (Corning) in 24-well plates with 750 µl of NaHCO3-buffered a-MEM supplemented with 1x ITS (Sigma-Aldrich), 10 µM cilostamide (Sigma-Aldrich), 10 mIU/ml FSH (Sigma-Aldrich) and, when applicable, 100 ng/ml of rGDF9 (R&D Systems). Two-thirds of the medium was replaced on the third day of culture. GOCs were cultured for 7 days in a humidified incubator maintained at 37 o C and containing 5% CO2 in air.
When applicable, oocyte diameter was estimated under an inverted microscope (Ti-S, Nikon) using the NIS-Elements Basic Research software (Nikon).
Histological and immunofluorescence analyses
Ovaries from 21-to 23-day-old females had the number of follicles evaluated as reported previously (Pedersen and Peters, 1968) , with few modifications.
Briefly, fixed ovaries were dehydrated, clarified, diaphonized, embedded in paraffin and sectioned at 3 µm thickness. Sections were stained with periodic acid and hematoxylin, and analyzed using an optical microscope. Follicles in every third section throughout the ovary were counted and classified as proposed by Perdersen and Peter (1968) . Only follicles in which the section included the GV of the oocyte were considered. Ovaries from 8-week-old females were similarly processed to determine the number of corpus luteum. Only cells inside the follicle were considered during the analysis.
Mitochondrial evaluation
Oocytes were incubated for 30 min at 37 o C with 100 nM MitoTracker CMXRos Since the knockouts led to mitochondrial aggregation, which could potentially bias ΔΨm evaluation, oocytes were also analyzed by epifluorescence microscopy.
Oocyte autofluorescence, which is representative of the amount of oxidized flavin adenine dinucleotide (FAD) and reduced nicotinamide adenine dinucleotide (phosphate) (NAD[P]H), were determined using green (excitation = 465-495 nm; emission = 515-555 nm) and blue (excitation = 340-380 nm; emission = 435-485 nm) filters, respectively (Zeng et al., 2014) .
Images were analyzed using the NIS-Elements Basic Research software or the ZEN lite (Zeiss). To control for inter-assay variation, oocytes analyzed in a specific experimental routine had fluorescence normalized by the mean fluorescence of WT oocytes analyzed in the same routine.
ATP quantification
Oocytes used for ATP quantification were placed individually into 0.2 ml tubes in 1 µl PBS and kept at -80 o C until use. Oocytes treated with 20 µM oligomycin for 1 h were used as negative control. The ATP content was measured based on the luciferin-luciferase reaction using the FLASC kit (Sigma-Aldrich), following manufacturer's recommendations.
Transmission electron microscopy
Ovaries used for transmission electron microscopy were obtained from 5-weekold mice after 44 h of eCG injection. These were fixed for 4 h at 4 o C in 2%
paraformaldehyde and 2% glutaraldehyde in 0.01 M cacodylate buffer (pH 7.3) with 3 mM CaCl. Following, ovaries were post-fixed for 1 h at 4 o C with 2% osmium tetroxide and dehydrated in a grade series of ethanol. Samples were embedded in epoxy resin (Polysciences Inc.), cut into ultra-thin sections, mounted on 300-mesh copper grids and contrasted with uranyl acetate and lead citrate (Udagawa et al., 2014; Wakai et al., 2014) . The sections were examined in a JEOL JEM -100CXII transmission electron microscopy (Jeol Inc.). Images were analyzed using ImageJ (National Institutes of Health, Bethesda, MD).
Evaluation of mtDNA copy number
The number of mtDNA copies in oocytes was determined by qPCR as described previously (Machado et al., 2015) . Briefly, a 736-bp fragment encompassing nucleotides 3,455 to 4,190 of mtDNA was amplified using primers MT12 and MT13 (Table S1 ) and cloned into a pCR2.1-Topo-TA (ThermoFisher Scientific). Concentration of the resulting plasmid DNA was estimated based on UV spectroscopy and store at 0.2 x 10 9 copies/µl at -80 o C.
This plasmid DNA was used to prepare a standard curve containing 0.2 x 10 7 , 0.2 x 10 6 , 0.2 x 10 5 , 0.2 x 10 4 and 0.2 x 10 3 copies/µl. A fresh dilution of this standard curve was always prepared before each qPCR reaction.
Individual oocytes collected in 1 µl of PBS with 0.01% BSA were digested for 3 h at 55 o C in 4 µl of digestion solution (as described for mouse genotyping, except that 100 mg/ml proteinase K was used). After digestion, samples were (Table S1 ), 1x
Power SYBR Green Master Mix and 5 µl of sample or standard-curve DNA.
Samples were analyzed in triplicates and averaged for calculation of mtDNA copy number using the 7500 Fast Real-Time PCR Software (ThermoFisher Scientific). Table S1 . These were designed using the PrimerBLAST software (National Institutes of Health) and confirmed regarding specificity of the amplified fragment by dissociation curve and gel electrophoresis.
Evaluation of gene expression
All samples amplified for a specific target were run in duplicate in the same plate using the following cycling conditions: 95 o C for 15 min followed by 45 cycles of 95 o C for 15 s and 60 o C for 1 min. Sample dilutions were determined based on standard curves generated for each gene-specific cDNA using five four-fold serial dilutions of cDNAs. These standard curves were also used for analysis of amplification efficiency (Livak and Schmittgen, 2001) . Because all assays showed high amplification efficiency (~100%), data were linearized according to Livak and Schmittgen (Livak and Schmittgen, 2001) . Samples that failed to amplify had cycle threshold-(CT) values regarded as equal to 45. The geometric average of CT values of two reference genes (Ppia and Hprt) was used to normalize gene expression data (Macabelli et al., 2014) .
In case of ovaries, these were placed individually into cryo-tubes and snap frozen in liquid nitrogen. Ovaries were then macerated and subjected to total RNA extraction, followed by reverse transcription using 1 µg of total RNA and the High-Capacity cDNA Reverse Transcription kit. Gene transcripts were determined as described for oocytes, except that a 321-fold dilution of cDNA was used. Transcript (Table S1 ) amounts were evaluated as described above.
Cumulus cells from groups of 30 oocytes were processed as described above, except that the PCR products were evaluated by electrophoresis on 2% agarose gel. DNA was then stained with SYBR Safe (ThermoFisher Scientific) and the signal detected with the Chemidoc XRS (BioRad).
Immunoblot analysis
Groups of 100 denuded oocytes were placed into 0. (B) Full-size images corresponding to blots presented on Figure 4D . Two different molecular weight markers were run on columns 1 and 2, whereas oocyte samples were run on columns 3-6. A total of 100 oocytes were used per group in each replicate, except for Mfn1 cKO that 200 oocytes were used. Two biological replicates are show. Values above bands in column 1 and 2 represent molecular weights (kDa).
